This article summarizes our research on aqueous lithium-air rechargeable batteries. Lithium-air batteries have a far higher energy density and lower material cost than lithium-ion batteries, so that they are now attracting growing attention as possible power sources for electric vehicles. Presently, two types of rechargeable lithium-air batteries have been developed; non-aqueous and aqueous types. The aqueous type has a lower specific energy density than the non-aqueous system, but overcomes some severe problems that must still be addressed for the non-aqueous type, such as lithium metal corrosion by water from air and the high polarization of electrode reactions. The key component of the aqueous lithium-air battery is a water-stable lithium metal electrode (WSLE). The WSLE developed in our laboratory consists of lithium metal covered with a lithium conducting polymer electrolyte and a lithium conducting water-stable solid electrolyte, which was successfully operated in a saturated LiOH and LiCl aqueous solution.
Introduction
Electric vehicles (EV) have long been considered as the best solution to improve the energy conversion efficiency of vehicles and to reduce the production of CO 2 from vehicles. However, only a limited number of general-use EVs have been commercialized, because acceptable batteries with sufficiently high specific energy density and low cost have not yet been developed. At present, the energy density of the battery is less than 200 Wh kg
¹1
. 1 The energy density is far from that of the internal combustion engine, so that the driving range of the EV is too short compared to vehicles with a conventional internal combustion engines with a specific energy density as high as 700 Wh kg
. Therefore, this energy density is the final target of the New Energy and Industrial Technology Development Organization (NEDO, Japan) project for batteries in next generation vehicles. Such a high energy density battery can only be achieved in a few anode/cathode couples, among which, the lithium anode and air cathode couple is the most attractive, because it has the highest specific energy density of galvanic cells. A lithium-air primary cell was developed and the cell reaction is as follows,
However, lithium reacts severely with water to produce hydrogen. 2 The first rechargeable lithium-air battery was reported by Abraham and Jiang in 1996. 3 They were studying the reversible reaction in a cell with a gel-type polymer electrolyte and a carbon electrode with cobalt phthalocyanine as the catalyst. A reversible capacity of 630 mAh g ¹1 of carbon was observed. Since then, Bruce et al. 4 have reported a high reversible capacity of 600 mAh g ¹1 of carbon after 50 cycles for a cell with a non-aqueous electrolyte of LiPF 6 in propylene carbonate and a carbon nanoparticle electrode with MnO 2 . The cell reaction of the non-aqueous lithium-air batteries is described as follows:
The open-circuit voltage (OCV) of the reaction is calculated to be 2.96 V from the thermodynamic data. The calculated specific energy density of this system including oxygen is 3,460 Wh kg
, which is 8 times higher than that of conventional lithium-ion batteries. The non-aqueous system gives a high energy density, but exhibits high polarization during the charge and discharge process 4 with decomposition of the non-aqueous electrolyte 5, 6 and contamination with moisture in the air. 7 Successful results for non-aqueous lithiumair cells have been obtained under pure oxygen; however, the active life is limited by the diffusion of water through the electrolyte to the lithium metal anode. The cell performance was significantly reduced when the cell was cycled in air, even though a hydrophobic membrane was used to remove moisture in the air. 7 Thus, protection of the lithium metal anode from water is the most critical point for the long life stability of lithium-air batteries as pointed out by Armand and Tarascon. 1 Aqueous lithium-air batteries have been proposed by Visco et al. 8 and Imanishi et al. 9 The key material of the aqueous lithium-air battery is a lithium conducting water-stable solid electrolyte. The WSLE was preliminary proposed by Visco et al. in 2004 10 using a NASICON-type lithium conducting solid electrolyte, Li 1+x Ti 2¹x Al x (PO 4 ) 3 . The cell reaction of the aqueous lithium-air battery is described as follows:
The OCV of this reaction depends on the OH ¹ content and the air electrode catalyst. The OCV of a cell with a 1 M aqueous solution of LiCl and a platinum black air electrode was 3.70 V;
11 the calculated energy density including oxygen is 2,364 Wh kg
. The energy density is 30% lower than that of non-aqueous system, because water reacts with the active materials. However, the aqueous lithium-air system can overcome the serious problems associated with the non-aqueous system.
We began a new research project into aqueous lithium-air rechargeable batteries at our Mie University research laboratory in 2006. The project was supported by NEDO under the "Development of High Performance Battery for Next Generation Vehicles" project. The research target was to develop a lithium-air rechargeable battery with an energy density as high as 700 Wh kg ¹1 for application as an EV battery. We have focused on the aqueous lithium-air rechargeable battery, especially on a water-stable lithium anode with a waterstable lithium conducting solid electrolyte, because the air electrode for this system has been extensively studied for zinc-air rechargeable batteries since the 1960s. 12 This paper introduces the results of our research on aqueous lithium-air rechargeable batteries over five years.
Water Stable Lithium Electrodes
The key issue for aqueous lithium-air rechargeable batteries is the development of a WSLE that can survive lithium stripping and deposition for a long lifespan in an aqueous electrolyte with a low electrode polarization. The WSLE proposed by Visco et al. 10 consisted of lithium metal, lithium nitride, and a NASICON-type glass ceramic of Li 1+x+y Ti 2¹x Al x P 3¹y Si y O 12 (LTAP). Lithium nitride was used as a protective layer between lithium metal and LTAP, because LTAP is unstable in contact with lithium metal. We have developed a WSLE using a polymer electrolyte of polyethyleneoxide (PEO) with Li(CF 3 SO 2 ) 2 N (LiTFSI) as the protective layer, because the polymer electrolyte can be easily used to prepare a large size cell. The LTAP plates were supplied from Ohara Inc. The stability of LTAP in aqueous solutions is an important requirement as the protective layer for the WSLE.
Stability of LTAP in aqueous solutions
As shown in reaction (3), the reaction product of the aqueous lithium-air battery is hydrated LiOH. Therefore, LTAP should be stable in a saturated aqueous solution of LiOH, because the electrolyte becomes saturated with LiOH at a discharge depth of approximately 5%. We first investigated the stability of LTAP in various aqueous solutions. Figure 1 shows impedance profiles of LTAP that was immersed in various aqueous solutions at room temperature measured at 25°C. 13 The electrical conductivity of LTAP after immersion in aqueous solutions of 1 M LiNO 3 and 1 M LiCl for 3 weeks was no different from that of the pristine LTAP. The surface morphology and X-ray diffraction (XRD) analysis confirmed the stability of LTAP in these solutions. However, the electrical conductivity of LTAP immersed in an aqueous solutions of 1 M LiOH and 0.1 M HCl showed a significant decrease, and thus, LTAP is unstable in these solutions. We have also examined the stability of LTAP in a weak acid solution of CH 3 COOH (HAc)-LiCH 3 COO (LiAc)-H 2 O. 14 The room temperature electrical conductivity of LTAP immersed in pure HAc for 4 months at 50°C was significantly decreased from 1.5 © 10 ¹4 to 4.8 © 10 ¹7 S cm
¹1
. XRD analysis indicated a few extra trace peaks from the decomposition of LTAP, In contrast, LTAP immersed in HAc 90 vol% (v/o)-H 2 O 10 v/o-LiAc (saturated) for 3 months at 50°C showed an enhancement in conductivity. Figure 2 shows typical impedance profiles of pristine LTAP pellet and LTAP pellet immersed in the HAc-H 2 OLiAc solution, where the LTAP pellets were prepared by sintering the glass ceramic LTAP powder at 1000°C for 12 h. The impedance profiles suggest that the interfacial resistance of LTAP is reduced by immersion in the HAc-H 2 O-LiAc solution; the total conductivity was enhanced to 4.7 © 10 ¹4 S cm ¹1 at 25°C. The conductivity enhancement could be explained by the removal of a resistive layer at the grain boundary. These results also suggest that HAc with saturated LiAc is acceptable as an electrolyte for a WSLE with LTAP. The cell performance of a lithium-air cell using the HAc-H 2 O-LiAc electrolyte is presented in the latter part of this paper.
According to the stability tests of LTAP in aqueous solutions, LTAP is more stable in aqueous solution with a high content of Li Table 1 , the conductivities of LTAP plates immersed in LiOH-LiCl-H 2 O solutions at 50°C for 3 weeks and measured at 25°C are summarized in order of the solution pHs. The pH of LiCl-LiOH-H 2 O with high LiCl content is not high, i.e., the dissociation of LiOH to Li + and OH ¹ is suppressed by the high concentration of Li + according to the mass action law. These results clearly suggest that the stability of LTAP plate in aqueous solutions is dependent on the pH of the solution, and LTAP plate is stable in solutions with pH less than 10. Electrochemistry, 80(10), 706715 (2012)
The stability of LTAP in the saturated LiNO 3 -LiOH aqueous solution could also be explained by the low pH of 9.79. This is an interesting result for a lithium-air rechargeable battery with an aqueous electrolyte using a lithium metal anode with an LTAP protective layer. The pH of the saturated LiCl aqueous solution increases slightly from 7.0 to 8.14 due to the increase in the LiOH reaction product during the discharge process. Therefore, the WSLE with LTAP is stable under a deep discharge state, where the electrolyte solution is saturated with LiOH. These results suggest that the possibility to develop a high energy density lithium-air rechargeable battery with low charge and discharge polarization using an aqueous solution.
Electrode performance of the WSLE
We have proposed a WSLE for lithium-air rechargeable batteries using a water-stable lithium conducting solid electrolyte consisting of LTAP and PEO-based polymer electrolyte, where the polymer electrolyte is used to prevent direct contact between lithium metal and LTAP. 11 The key factors of the WSLE are stability in an aqueous electrolyte and low electrode resistance. The stability of a Li/ PEO 18 LiTFSI/LTAP/PEO 18 LiTFSI/Li cell was first examined at 60°C. The total resistance was approximately 800 ³ cm 2 and no significant change in the impedance of the cell was observed after 30 days, which suggests the PEO 18 LiTFSI is effective in suppressing the reaction of the LTAP plate and lithium metal. Analysis of the cell impedance profiles showed that the contribution of the interface resistance between lithium metal and the polymer electrolyte was the highest.
The stability of the WSLE in aqueous solution was examined. Figure 6 shows typical impedance profiles of the Li/PEO 18 LiTFSI/ LTAP/aqueous 1 M LiCl/Pt cell at 60°C as a function of the storage period.
11 Li/PEO 18 LiTFSI/LTAP was covered with a plastic film, except for a small area of the LTAP plate, and immersed in aqueous 1 M LiCl solution. Platinum with platinum black was used as the counter electrode. The OCV of the cell was 3.70 V at 60°C and this value was maintained for two months. The OCV is comparable to that calculated from the cell reaction of Li + 1/2O 2 + H 2 O = 2LiOH (ca. 3.8 V at 25°C). The cell resistance was almost the same over several days. The impedance profiles show a small semicircle at high frequency and a large semicircle at low frequency, which is similar to that of the Li/PEO 18 LiTFSI/LTAP/PEO 18 LiTFSI/Li cell. Using the equivalent circuit shown in Fig. 6 , the impedance parameters of the bulk resistance of the polymer electrolyte and LTAP (R b ), the interfacial resistance between the LTAP plate and the polymer electrolyte (R f1 ), the interfacial resistance between lithium metal and the polymer electrolyte (R f2 ) and the charge transfer resistance (R c ) of the Li/PEO 18 LiTFSI/LTAP/aqueous 1 M LiCl cell after 7 days were estimated to be 103, 197, 208, and 31 ³ cm 2 , respectively. The total cell resistance of 539 ³ cm 2 is higher than that of Li/PEO 18 LiTFSI/LTAP at 410 ³ cm 2 . The difference is possibly due to the interfacial resistance between LTAP and the aqueous LiCl solution. These results suggest that the Li/PEO 18 -LiTFSI/LTAP electrode is stable in aqueous solution for a long period; however, the cell resistance is slightly high for application to high power density batteries. Therefore, the cell resistance should be improved, especially the interface resistances between the lithium metal and polymer electrolyte, and between LTAP and the polymer electrolyte. Croce et al. 17, 18 reported that the addition of a nanosize ceramic filler in the PEO-based electrolyte improved the interfacial resistance between a lithium electrode and the polymer electrode. We also found that the addition of nanosize BaTiO 3 (0.1 µm) was effective to reduce the interface resistance between lithium metal and PEO 10 LiTFSI. 19, 20 The interface resistance between lithium metal and PEO 10 LiTFSI (ca. 25 ³ cm 2 ) was constant for 10 days at 80°C. The time dependence of impedance profiles for the Li/ PEO 18 LiTFSI-10 wt% BaTiO 3 /LTAP/aqueous 1 M LiCl/Pt cell is shown in Fig. 7 , where platinum with platinum black was used as the counter electrode. 21 The cell resistances increased only 10% over one month, which suggests excellent stability of the multilayer Li anode construction in aqueous solution. Using the same equivalent circuit in Fig. 6 , the impedance parameters R b , R f1 , R f2 , and R c of the Li/PEO 18 LiTFSI-10 wt% BaTiO 3 /LTAP/aqueous 1 M LiCl cell after 7 days were estimated to be 47, 74, 42, and 8 ³ cm 2 , respectively. The total cell resistance of 171 ³ cm 2 is lower than that of the Li/PEO 18 LiTFSI/LTAP/aqueous 1 M LiCl/Pt cell at 539 ³ cm 2 . Therefore, improved electrochemical performance could be expected for a multilayer Li anode with BaTiO 3 nanoparticles present in the PEO 18 LiTFSI interlayer. Figure 8 shows lithium electrode potential vs. current density curves for the Li/PEO 18 LiTFSI-10 wt% BaTiO 3 /LTAP/aqueous 1 M LiCl/Pt, air cell at 60°C. The potential values were obtained using a platinum black reference electrode, after passing a current for 30 min. The calculated polarization resistance for the discharge curve is approximately 170 ³ cm 2 in the current range from 0 to 1.0 mA cm
¹2
, which is comparable to the total cell resistance estimated by the impedance method. An appreciable polarization was observed in the high current density region (>1.3 mA cm ¹2 ) during the discharge process, which could be postulated as being Electrochemistry, 80(10), 706715 (2012) due to the lithium ion diffusion process in the electrode. Figure 9 shows the variation of the cell voltage with percentage utilization of the lithium anode for the Li/PEO 18 LiTFSI-10 wt% BaTiO 3 /LTAP/ aqueous 1 M LiCl/Pt, air cell at 60°C and 0.5 mA cm ¹2 , with a platinum/platinum black counter electrode. The cell was discharged at 0.5 mA cm ¹2 for 24 h, where approximately 30% of the lithium (based on the theoretical capacity of lithium of 3860 mAh g ¹1 ) was discharged (stripping); a flat discharge voltage of 3.50 V was observed. The following charge process (deposition) also showed a flat charge voltage of 4.15 V. These results suggest that the multilayer lithium electrode developed in this study is reversible for lithium stripping and deposition into and away from lithium metal. More attractive results were found for a composite of PEO 18 LiTFSI and a room temperature ionic liquid (RTIL) of N-methyl-N-propylpiperidinium-bis(trifluoromethanesulfonyl)imide (PP13TFSI). 22 The temperature dependence of the electrical conductivity for PEO 18 LiTFSI-xPP13TFSI is shown in Fig. 10 . The conductivity of PEO 18 LiTFSI-2PP13TFSI at room temperature is 7.1 © 10
¹5

S cm
¹1
, which is approximately one order of magnitude lower than that of PP13TFSI (1.51 © 10 ¹3 S cm ¹1 at 25°C 23 ) and approximately one order of magnitude higher than that of PEO 18 LiTFSI (5.1 ©
10
¹6 S cm ¹1 at 25°C). Arrhenius plots of PEO 18 LiTFSI show a conductivity knee at 55°C, which reflects the well-known crystal phase to liquid phase transition. 24 The phase transition temperature is decreased slightly by the addition of the RTIL and the room temperature conductivity of PEO 18 LiTFSI increased from 5.1 © 10 ¹6 to 7.1 © 10 ¹5 S cm ¹1 at 25°C. The impedance of the Li/ PEO 18 LiTFSI-1.44PP13TFSI/aqueous 1 M LiCl/Pt, air cell was 113 ³ cm 2 at 60°C. As discussed later, the onset time of lithium dendrite formation was also significantly suppressed. 22 Figure 11 shows the time dependence of the cell potentials for the Li/PEO 18 LiTFSI-1.44PP13TFSI/LTAP/aqueous 1 M LiCl + 0.004 M LiOH/Pt, air cell at 60°C and at various current densities in the range of 0.10.5 mA cm ¹2 , where the potentials were measured against a platinum black reference electrode. The OCV of the cell with 1 M LiCl-0.004 M LiOH (3.43 V) is slightly lower than that of the calculated OCV (3.59 V). Addition of a small amount of LiOH was effective to stabilize the cell voltage, because the cell reaction product is LiOH. The WSLE exhibits reversible discharge and charge performance at current densities as high as 0.3 mA cm
¹2
, as shown in Fig. 12 . The discharge potential is 3.20 V and the charge potential is 3.75 V at 0.3 mA cm ¹2 after 100 cycles, which indicates that polarization due to lithium stripping and deposition in the WSLE are not so high. The polarization for lithium deposition is higher than that for lithium stripping.
Lithium Dendrite Formation on the Water Stable Lithium Electrode
Lithium metal is the best anode candidate for high energy density batteries, because it has a very high theoretical specific capacity of 3,861 mAh g ¹1 compared to 372 mAh g ¹1 of the carbon anode in lithium-ion batteries. However, the formation of dendrites during lithium deposition limits the use of lithium metal as the anode in lithium batteries. 24 This phenomenon occurs even in polymer electrolytes, although to a lesser extent than that with liquid electrolytes. 2527 Dendrite formation is not acceptable for the safety and life time of lithium batteries. The mechanism of dendrite growth in a Li/polymer electrolyte/Li cell was extensively studied by Brissot, Rosso et al. 2831 with the help of a direct in situ observation technique and simultaneous cell potential evaluation. They observed that the dendrite formation started at a time t o , and followed a power law as a function of the current density that was very close to Sand's law. 32 No dendrite formation was observed in a Li/PEO 20 LiTFSI/Li cell at a low current density of 0.05 mA cm ¹2 for 100 h at 80°C, while at a high current density of 0.7 mA cm ¹2 , dendrites were observed in less than 1 h deposition. 28 Similar results 29 were reported for the same type cell, where dendrite growth started at 2 h deposition with a polarization of 0.4 mA cm
¹2
. For practical applications of a protective polymer electrolyte layer in a WSLE, lithium should be deposited on lithium at a high current density for a long period. Therefore, the observed dendrite formation onset time of 2 h at 0.4 mA cm ¹2 is too short. Copper thin-film substrates are used for practical applications of lithium metal anodes in lithium-air secondary batteries. The total weight of lithium for 2 h deposition at 0.4 mA cm ¹2 and with a 10 µm thick copper film is 9.17 mg cm ¹2 , which corresponds to 87 mAh g ¹1 . This specific weight capacity is too low to use as an anode for lithium-air batteries. Shin et al. reported interesting results for a PEO-based polymer electrolyte with ionic liquids. 33, 34 A composite polymer electrolyte of PEO 20 LiTFSI and N-butyl-N-methylpyrrolidum-TFSI exhibited high electrical conductivity at a moderate temperature and good stability with lithium metal. The addition of RTIL into the polymer electrolyte results in enhancement of the electrical conductivity. We prepared a composite polymer electrolyte consisting of PEO 18 LiTFSI and PP13TFSI and examined the dendrite formation in Li/PEO 18 -LiTFSI-xPP13TFSI/Li using direct in situ observation at various current densities. 22 The relationship between lithium dendrite formation and the ionic transport properties of the composite polymer electrolyte is also discussed. 35 Matsumoto et al. 36 reported that the LiTFSI ionic liquid in PP13TFSI enables the reversible plating-stripping of lithium metal. Figure 13 shows typical impedance profiles for the Li/ PEO 18 LiTFSI/Li and Li/PEO 18 LiTFSI-1.44PP13TFSI/Li cells at 60°C as a function of the storage time. 22 The Li/PEO 18 LiTFSI/Li cell has high cell impedance that increases with the storage time. The Li/PEO 18 LiTFSI-1.44PP13TFSI/Li cell shows low cell impedance and no change with the storage time. These impedance profiles have one distorted semi-circle with a short sloping line in the low frequency range. On the left intercept of the semi-circle at the real axis, e.g. at ca. 100 ³ cm 2 in Fig. 13(a) , there is another small semi-circle overlapping. This small semi-circle in the high frequency range could be assigned to the grain boundary resistance of the polymer electrolyte, because a similar small semi-circle was observed in the same frequency range for Au/PEO 18 LiTFSIxPP13TFSI/Au. The high frequency intercept of the large semicircle with the real axis can be ascribed to the total resistance of the composite polymer electrolyte, because the value is the same as that measured with blocking electrodes in the Au/PEO 18 LiTFSIxPP13TFSI/Au cell at 60°C. The diameter of the large distorted semicircle is associated with the overall interface resistance (R i ), which consists of two parts of the resistance of the passivation film (R f ) formed on the lithium electrode surface by reaction with the polymer electrolyte, and the charge-transfer resistance (R c ) of the Li + + e ¹ = Li reaction. 37 The Li/PEO 18 LiTFSI-1.44PP13TFSI/Li cell resistance decreases slightly with the storage time, i.e., the lithium metal/composite electrolyte interface is quite stable and the interface resistance is considerably lower than that of the Li/ PEO 18 LiTFSI/Li cell. Sakaebe et al. 23 reported that the initial Li/ PP13TFSI/Li cell resistance of ca. 30 ³ cm 2 at 60°C increased to ca. 60 ³ cm 2 after storage for 3 days. In addition Shin et al. 33 reported that the Li/PEO 10 LiTFSI-N-methyl-N-propylpyrrolidiumTFSI/Li cell showed an initial resistance of ca. 400 ³ cm 2 , which increased to ca. 800 ³ cm 2 after storage for 24 days at 40°C. Compared to these results, the Li/PEO 18 LiTFSI-1.44PP13TFSI/Li cell resistance is stable with storage time. The impedance profiles were analyzed Electrochemistry, 80(10), 706715 (2012) with a nonlinear least-squares fitting program to obtain the impedance parameters using the equivalent circuit shown in Fig. 13 . The analysis of the initial impedance profile for Li/ PEO 18 LiTFSI-1.44PP13TFSI/Li at the initial stage (after a few hours contact of the lithium metal with the polymer electrolyte at 60°C) yields R f = 68.4 ³ cm 2 and R c = 30.1 ³ cm 2 at 60°C, which are lower than that for Li/PEO 18 LiTFSI/Li (R f = 199 ³ cm 2 and R c = 49 ³ cm 2 ). The interface resistance for PEO 18 LiTFSI was decreased by the addition of PP13TFSI, especially the resistance of the passivation layer. The passivation layer resistance in Li/ PEO 18 LiTFSI/Li increased significantly with the storage time, but that in Li/PEO 18 LiTFSI-1.44PP13TFSI/Li was slightly decreased after 24 days at 60°C.
The low and steady overpotential on lithium metal and the polymer electrolyte interface is important factor for development of a high power density lithium-air battery. The composite polymer electrolyte of PEO 18 LiTFSI-1.44PP13TFSI exhibited a low overpotential for lithium metal deposition and stripping. Figure 14 compares the cell potentials vs. time curves at various current densities for the Li/PEO 18 LiTFSI-1.44PP13TFSI/Li and Li/ PEO 18 LiTFSI/Li cells. The overpotentials for Li/PEO 18 LiTFSI-1.44PP13TFSI/Li are lower than those in Li/PEO 18 LiTFSI/Li and show no increase with the polarization time. They are comparable to those estimated from the cell impedance measurements. However, the Li/PEO 18 LiTFSI/Li cell shows high overpotential that increases with time at high current density.
Dendrite formation and growth were examined in situ using the visualization cell as shown in Fig. 15 . 35 Two narrow lithium metal strips (0.4 mm wide with copper film leads) were placed end to end on the polymer electrolyte with a distance of ca. 1 mm. Dendrite growth was observed in situ using a Keyence digital microscope. Figure 16 shows typical results for the Li/PEO 18 -LiTFSI-1.44PP13TFSI/Li cell at 60°C and 0.3 mA cm ¹2 . The dendrite formation started (onset time) after 85 h polarization and short circuit was observed after 145 h polarization. The polymer electrolyte without ionic liquid had an onset time of 60 h and a short circuit time of 76 h under 0.25 mA cm ¹2 . The dendrite formation onset time is dependent on the polarization density. Brissot et al. 28, 29 reported that the dendrite growth in Li/PEO 20 LiTFSI/Li corresponded to the model proposed by Chazalviel 38 in the current density range of 0.020.3 mA cm
. When a cell with a binary electrolyte is under polarization, the ionic concentration in the vicinity of the negative electrode is thought to drop to 0 at Sand's time (R s ). According to Chazalviel, the anion and cation concentration in a steady-state regime lead to 0 anion and a small amount of positive charge at the negative electrode. This induces a local space charge near the lithium electrode and instability at the interface, such as dendrite growth. The onset time (t o ) followed a power law as a function of the current (J), 39 very close to Sand's law in the current density range of 0.010.3 mA cm
where L a and L c are the anionic and cationic mobility, respectively, C o is the initial concentration, and D is the ambipolar diffusion constant. A log t o vs. log J curve for the Li/PEO 18 LiTFSI-1.44PP13TFSI/Li cell at 60°C is shown in Fig. 17 . The curve shows good linearity in the range of 0.10.5 mA cm ¹2 with a slope of ¹1.25. In this current range, the dendrite growth could not be explained by the Chazalviel model, which indicates that local fluctuation of the current density may be an important factor, as indicated by Rosso et al. 30 The addition of nanosize SiO 2 into Electrochemistry, 80(10), 706715 (2012) PEO 18 LiTFSI and PEO 18 LiTFSI-1.44PP13TFSI was effective to suppress dendrite formation. 40 According to Eq. (4), the dendrite onset time is dependent on the diffusion constant for lithium ions in the electrolyte, which is related to the inverse of the passivation resistance (R f ) from the Nernst-Einstein equation. The linear relationship between 1/R f and t o is shown in Fig. 18 , where t o was measured at 0.5 mA cm ¹2 . This result suggests that dendrite formation on lithium metal is associated with the resistance of the solid electrolyte interface between lithium and the polymer electrolyte, as expected from Eq. (4).
The dendrite formation onset times for various PEO-based polymer electrolytes and lithium metal are summarized in Table 2 . Lithium electrodes have been used with copper foil current collectors in practical application. The specific weight capacities of the lithium electrode shown in Table 2 were calculated from the total weight of a 10 µm thick copper foil and lithium metal deposit until dendrite formation and are compared to those of liquid and geltype electrolytes in a lamination-type test cell. The specific weight capacities of the lithium metal electrode with the PEO 18 LiTFSI-1.44PP13TFSI-10 wt% SiO 2 composite electrolyte were calculated to be 1,458 mAh g ¹1 at 1.0 mA cm ¹2 and 1,543 mA g ¹1 at 0.5 mA cm
, which is significantly higher than 109 mA g ¹1 for a geltype polymer electrolyte 26 and 22 mA g ¹1 for a liquid electrolyte 40 at room temperature and at 1.0 mA cm
. The specific weight capacity of the lithium electrode with the composite polymer electrolyte at 1.0 mA cm ¹2 is ca. 30% that of lithium metal and more than 3 times higher than that of a typical carbon anode in a conventional lithium ion battery.
Test Cell Performance of Aqueous Lithium-Air
Rechargeable Batteries.
We have demonstrated that a lithium metal electrode protected with a PEO-based polymer electrolyte and the LTAP water-stable lithium conducting solid electrolyte is stable in an aqueous solution of HAc with LiAc and a saturated LiCl and LiOH aqueous solution. These results suggest the possibility to develop aqueous lithium-air batteries. We have reported the performance of the lithium metal electrode in aqueous solution and the full cell performance using a beaker cell. These cells were successfully charged and discharged, Electrochemistry, 80(10), 706715 (2012) where the charge and discharge depths were very small on account of the weight of water. Recently, we examined a full cell with a small amount of saturated LiOH and LiCl aqueous solution and a carbon air electrode with a perovskite-type oxide catalyst. 42 The discharge capacity was 450 mAh g ¹1 of H 2 O at 0.1 mA cm 2 , but the charge capacity was only less than 20% of the discharge capacity. The low charge capacity may be due to the evaporation of electrolyte. Now we have rearranged the test cell construction. At present, only one paper 9 has been presented for the charge and discharge performance of an aqueous lithium-air battery test cell, where an aqueous solution of HAc with LiAc was used.
As shown in the previous section, LTAP is stable in the HAc with LiAc solution. Therefore, we have developed a lithium air rechargeable cell with HAc-H 2 O-LiAc. Figure 19 shows a schematic diagram of the prototype acidic lithium-air rechargeable cell, where PEO denotes PEO 18 LiTFSI-10 wt% BaTiO 3 , the glass ceramic plate is LTAP, the carbon catalyst is carbon black with a platinum catalyst and the electrolyte is HAc 90 v/o-H 2 O 10 v/osaturated LiAc. The cell reaction of this Li/HAc/air system can be expressed as
The calculated OCV of this reaction is 4.07 V at 25°C, assuming that the activity of Li + in the PEO electrolyte is unity and the oxygen partial pressure is 2 © 10 4 Pa at the air electrode. The observed OCV was 3.69 V. The difference between the observed and calculated OCV may be due to the low activity of Li + ions in the PEO electrolyte, low oxygen partial pressure at the air electrode, and the junction potentials between LTAP and polymer electrolyte, and between LTAP and the electrolyte solution, because the polymer electrolyte, LTAP, and the electrolyte solution have different conductivities and lithium ion transport numbers. The energy density of the Li/HAc/air system including oxygen is calculated to be 1320 Wh kg ¹1 using 3.69 V as the OCV. The calculated energy density of this system is ca. 55% of the lithium-air system with water, but more than three times higher than that of conventional lithium-ion batteries. The charge-discharge performance of the Li/PEO 18 LiTFSI-10 wt% BaTiO 3 /LTAP/HAc 90 v/o-H 2 O 10 v/osaturated LiAc/carbon black with Pt/air cell was examined at 0.5 mA cm ¹2 and 60°C under 0.3 MPa air. Flat discharge and charge potentials were obtained, as shown in Fig. 20 . A reversible capacity of 222 mAh g(HAc)
¹1 was obtained for 56% HAc utilization. The estimated energy density from the weight of the lithium anode and HAc is as high as 779 Wh kg
¹1
. This energy density should be compared to that estimated from the electrode capacity and discharge voltage for a typical lithium-ion battery with a LiCoO 2 cathode and graphite anode (380 Wh kg
), 43 and also that estimated for a lithium-air battery with a gel-polymer electrolyte (250 350 Wh kg
). 3 The prototype lithium-air cell can retain a dischargecharge capacity of 250 mAh g ¹1 within 15 cycles, as shown in Fig. 20 . Thus, we have demonstrated a new type of rechargeable lithium-air battery with an expected energy density of more than 400 Wh kg ¹1 .
Conclusions
We have endeavored to develop aqueous lithium-air rechargeable batteries with a water-stable lithium conducting solid electrolyte and a lithium conducting polymer electrolyte between lithium metal and a solid electrolyte. The Li 1+x+y Ti 2¹x Al x P 3¹y Si y O 12 NASICON-type lithium conducting solid electrolyte was found to be unstable in saturated LiOH aqueous solution, but stable in saturated LiCl aqueous solution with saturated LiOH, and in LiAc saturated HAc aqueous solution. This result suggested that an aqueous lithium-air system could be developed. We developed an aqueous lithium-air rechargeable cell with HAc, which possessed a high energy density of 779 Wh kg ¹1 , which is twice that of the conventional graphite/ LiCoO 2 cell. Higher energy density aqueous lithium-air batteries are expected using LiCl saturated aqueous solution. The aqueous lithium-air rechargeable battery with LiCl saturated aqueous solution had excellent charge and discharge performance in an excess amount of the electrolyte solution. However, we have not yet developed a test cell with a stoichiometric amount of water to that of the lithium anode. Therefore, the test cell construction should be improved to further the development of high performance aqueous lithium-air rechargeable batteries.
The limiting current density of the Li/PEO 18 LiTFSI/LTAP/ aqueous 1 M LiCl/Pt, air cell was less than 1.5 mA cm ¹2 at 60°C. We should reduce the interface resistance between lithium metal and the polymer electrolyte. This is an important research topic for the high power and energy density aqueous lithium-air batteries for electric vehicles. Electrochemistry, 80(10), 706715 (2012) 
